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Abstract—Detailed investigations of the aerial dispersion of radioactive dust from the biggest open-pit U mining
and milling operation in Australia were carried out. Spatial distributions of the long-lived radionuclides of *3*U 1
series and their origin, i.e., mining and milling operations vs. natural background radiation, have been studied.
Horizontal flux, dry deposition, and ground resuspension of the radionuclides were investigated along a 50-km
transect in the direction of the prevailing monsoonal winds in the region. The study was performed by means of
unconventional *“sticky vinyl” passive dust collectors, occasionally supported by high-volume air filter samplers.
The data from the flux measurements show an inverse square to inverse cubic dependence, and the dry deposition :
exhibits an inverse square dependence, of radionuclide load vs. distance. The pit has been the predominant contributor i
. of long-lived U series radionuclides to the environment within the radius of several kilometers from the operations. ;
An aerial dispersion computer code (LUCIFER ), based on a2 Gaussian plume model, was developed for the project.
Experimental data were used as the code input data. Good agreement between the measured data and the normalized e

computed results was obtained.

INTRODUCTION

THE BIGGEST U mining and milling operation in Aus-
tralia, Ranger Uranium Mines (RUM), operates an open-
pit U mine and ore treatment plant in a remote sub-

Therefore, detailed investigations of the aerial dispersion
of radioactive dust were undertaken.

Investigations were conducted between mid-1984
and the end of 1986. At that time about 1500 people lived
permanently near RUM, among them about 1200 in Ja-

equatorial part of the Northern Territory. About 6 X 10° biru township, 8 km west-northwest of Ranger, and about =
kg of rock are mined annually from the only operating 300 in Jabiru East township, 3 km northwest of Ranger

orebody, no. 1, resulting in an annual output of about 3 (Fig. 1). The Ranger site and the townships are located =
X 10 kg of uranium oxide (U30s). The deposits are lo- along the path of the winds, with the prevailing dry season £2
cated about 200 km east of Darwin, in the lowlands of winds blowing toward the townships (see Figs. 1 and 3).

the Alligator Rivers Region, and are surrounded by the The aims of the study were: (1) to investigate the

UNESCO World Heritage listed Kakadu National Park. spatial distribution of the long-lived radionuclides of the ,
Characteristic of the region are two distinct seasons, dry 238(J series along the path of the monsoonal winds in the =

{April-September) and wet (October-March), with

steady monsoonal winds.

Earlier investigations indicated that the aerial path-
way has been the critical one for transfer of radioactive
contaminants from the RUM site to the surrounding en-
vironment and the local population (Koperski 1986).

region and (2) to investigate the origin of the radionu-
clides, i.e., mining operations vs. natural radiation back-
ground sources.

The rationale behind the use of the “sticky vinyl”
type of passive collectors was, first, their capacity to dis-
tinguish between different directions of airborne disper-
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Fig. 1. Sampling locations.

sion, in contrast to traditional active air samplers; second,
their collection potential of dry deposited radionuclides;
and third, their low material and operational cost and
their ease of installation in the field. The latter are im-
portant factors when investigations are conducted in
places where provision of power necessary to operate ac-
tive samplers is difficult or practically impossible to obtain.

MATERIALS AND METHODS

The use of passive deposition collectors to indicate
the presence and levels of atmospheric pollutants has been
described earlier. Both man-made indicators such as
tackyshades, dry cloth, and rain collectors (Eubank and
Ward 1964; Fry 1982; Makhonko 1964; McHugh et al.
1986), and bioindicators like naturally growing lichen
(Pettersson et al. 1988) have proven to be useful.

The passive “sticky vinyl” dust collectors used in
this study employed a domestic-type, clear, self-adhesive
vinyl.* A vinyl sheet is covered on one side by a thin layer
of sticky substance. The other side of the vinyl sheet is
non-sticky, smooth, and easily washable. Each collector
consisted of a sheet of vinyl stretched over a plywood
frame with areas between 0.35 and 1| m2. Horizontal
frames were placed at a height of 1 m and the vertical
frames 1.5 m above the ground at their center. The vertical
vinyl collection surfaces faced the pit. The monitoring
sites extended along a 50-km transect from the Ranger
site, parallel to the path of the prevailing winds in the
region, with additional sites in other directions. The latter
were chosen in order to examine the dependence of

* Contact brand, Nylex Corp. Lid. 390 St. Kilda Road, Melbourne,
Victoria 3004, Australia.

source-to-sampling site direction on dust activity disper-
sion.

The day-to-day (i.e., short-term changes in source
activity releases from the pit area) are large due to mine
blasting. The blasting occurs on average five times per
week. Therefore, in order to determine the average long-
term activity dispersion from the mine site, relatively long
sampling periods were chosen. Collection of airborne dust
by means of vinyl collectors was conducted for a total of
240 d during the 3-y period. The total collection time
during the first year (1984) was 100 d. The collectors
were replaced about once a month.

During one monthly exposure, additional horizon-
tally oriented vinyl collectors were set up at 1 m height.
with the collection sides facing the ground, to assess re-
suspension of radioactivity from the ground at the sam-
pling sites. In addition, surface soil was also sampled at
the same monitoring sites by stripping the top millimeter
(approximately ) of the soil cover from a surface area of
about 1 m°.

Dust load and its retention on the vinyl collectors were
studied separately. A single vertical vinyl collector, divided
into eight identical strips of 0.35 m? each, was gradually
exposed in weekly intervals during an 8-wk-long exposure.
This experiment took place at a sampling site close to the
pit (about 400 m from the pit center).

Simultaneous active dust sampling was conducted
periodically at some of the passive collector sites by means
of a high-volume air sampling technique. The latter has
been used to facilitate determinations of dry deposition
velocities.

Analyses of radionuclide concentrations on vinyl col-
lectors, air filters, and in soil were carried out by both a
spectrometry and v spectrometry. The applied methods
of radiochemical sample treatment and radionuclide sep-
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tion have been reported elsewhere (Holm 1984; Martin
al. 1985). The specific activities of the dust from the
vinyl collectors were determined by gravimetric mea-

syrements on the mass load per unit area of the horizontal
vinyls.

AERIAL DISPERSION MODEL

Theory L ) ) )
The problems of predicting the dispersion of airborne

material released from a source are commonly approached
by solving the diffusion-transport equation. The Gaussian

' piume equation for a point source was formulated by Pas-
quill (1961):

w5l (2]
o2 2 {222 )

(1)
where

C = concentration of the gas or particles at position x,
Vs 2,

x = distance from the source in the downwind direction
(m);

y = distance from the source in the crosswind direction

(m);
‘ = height above the ground (m);
" Q = source activity release rate (Bqs™');

o, = standard deviation of the horizontal Gaussian dis-
tribution (m);

. = standard deviation of the vertical Gaussian distri-
bution (m);

¢ = wind speed (m s™'); and

H = the effective release height (m).

The third exponential term considers the reflection
of gases at the ground and was subsequently omitted when
particulates were treated. The dispersion coefficients ¢,
and ¢, which are dependent on atmospheric stability
conditions, are evaluated from Briggs equations (Briggs
1974).

Depletion of the concentration in the plume may be
the result of dry or wet deposition. Except for scavenging
by rain, dry deposition accounts for all those processes
by which airborne matter may be removed from the
plume. The removal is caused mainly by gravitational
settling, chemical and physical impaction of the diffusing
plume on the underlying ground surface, and solution in
wrface waters. The dry deposition rate is given by
{Whicker and Schultz 1982):

Ru(x,y) =1, X C(x, ¥, 0), (2)

where

. R, = the dry deposition rate (Bq m™2s7!);
Va = the dry deposition velocity (m s™'); and

C(x, y, O) = the ground level plume activity concentra-
tion (Bqm™). -

The wet deposition rate is given by:
Rw(x,y)=¢><f C(x, y, z) X dz, (3)
o

where

R, = the wet deposition rate (Bq m™?s~') and
¢ = wet deposition coefficient (s7').

Computer code

A computer code, LUCIFER (Erlandsson and Pet-
tersson 1988), based on the Gaussian plume model, was
developed for this project. The code was designed to cal-
culate the air concentration and the dry and wet deposition
rates of radionuclides as a function of distance from the
area source.

When treating aerial dispersion from large area

" sources, the air concentration and deposition rate calcu-

lations become quite complicated. When designing the
computer code, the large area source (the mine pit) was
treated as a finite number of point sources, which were
analytically integrated in the x- and y-directions. The area
source was assumed to be homogeneous and circular, the
latter being a fair approximation of the shape of the mine
pit. Therefore, the area source is regarded as a series of
line sources confined in a circle. Although there are dif-
ferent ways of treating an area source problem (Moore et
al. 1979; Lewellen et al. 1985), the main difference in the
LUCIFER code is that it considers contributions from
the source to a point of interest from all wind directions.
The distribution, including depletion by dry deposition,
is first calculated for 16 sectors of 22.5° each. Then the
contribution from each sector to the center line for the
sector of interest is added, taking into account the different
sector wind frequencies. The final sector average air con-
centration for the exposure period of interest, C(x), is
calculated on the basis of the time average of the input-
parameters, p, 7, 0.

Air concentration vs. vinyl activity load
The activity load on vertical vinyl collectors, J(x),
does not represent air concentration directly but is cor-
related to the sector average of the directional horizontal
flux, I(x) (Bq m™2d ') and air concentration, C(x) (Bq
m™3), by:
aX LX(C(x)

J(x)=aXI_(x)=——?—~——, (4)

where

a = constant including the vinyl collector collection and
retention efficiencies of the radionuclides;

total air column passing the vinyl collector in the
direction from the source (m); and

t = exposure time (d).
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RESULTS AND DISCUSSION spectively. The results reflect the dry season radiont
: activity loads on the vinyl collectors in absolute t .
Activity load on vertical vinyls At the same time, the data also reflect the dry season
Results of monitoring airborne, long-lived radio- average activity flux distribution of radionuclides by the
nuclides by means of the vertical vinyl collectors are wind blowing along the directions linking the pit area
shown in Fig. 2a and 2b for both single dry season (1984) with the sampling sites (see eqn 4). To obtain these values,
and the combined three dry seasons (1984-1986), re- the average wind frequency in a 22.5° wind sector around
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Fig. 2. Dust activity load (arithmetic means) on vertically oriented “sticky viny!” collectors during one ( 1984) ‘
: dry season (Fig. 2a) and during three (1984-88) dry seasons (Fig. 2b) (= 1 SD for 2*?Th is shown; for the other
: radionuclides, + 1 SD <5%). The dotted lines represent the best fit to the data, eqn (5).




Aerial dispersion of radioactive dust by passive vinyl collectors @ H. B. L. PETTERSSON and J. KOPERSK! 685

) |

Percentoge frequency

i

S

Fig. 3. Wind roses for the study periods: a) single dry season
(1984), b) combined three dry seasons (1984-1986).

each sample site was first determined by examining
RUM’s meteorological data from the study area. Second,
the activity load data were normalized to 100% wind fre-
quency in the direction from the source to the sampling
site of interest. The latter was done to facilitate a com-
parison of radionuclide loads in various directions from
the source. The wind roses for the single and the combined
three dry seasons are shown in Fig. 3.

Based on observations, the decrease in activity load,
J, with the distance from the pit area, x, may be repre-

ted by an equation of the following form:

J(x) =k X x4, (5)

where J is expressed in Bq m™? d~! and x in km, and k
and a are constants for each radionuclide. The lines of
best fit using this expression are shown in Fig. 2. The
corresponding values for k and g are given in Table 1.

No significant difference between 28U and 234U data was
observed in the entire study; they are therefore given as
pooled values. The sampling site at x = 50 km was selected
in order to obtain an estimate of the natural background
levels in the study area and was omitted in this fitting
exercise.

The 3-y average data for the U series radionuclides
(Fig. 2b), except 2'°Pb, are reasonably well described by
an inverse cubic dependence of activity load vs. distance.
The lower slope constant for 2'°Pb is a consequence of
the contribution of atmospheric 2!°Pb, originating from
airborne *?Rn. The statistical uncertainty in the individ-
ual data is not a significant problem ( usually, for | stan-
dard deviation in counting statistics, less than 5%), but
fluctuations in the dust activity generation at the source
may create fluctuations in the activity loads at sites far
from the source (>2-3 km). This could be the reason for
the deviation in the slope constant, a, when results from
a single-year exposure (Fig. 2a) are compared with the 3-
y average exposure (Fig. 2b). The activity load of *'°Po
is generally lower than expected, possibly because of
evaporation of '°Po from the vinyl collectors, due to the
volatile nature of Po. One would expect a somewhat higher
load of '°Po due to the atmospheric contribution created
from airborne **’Rn, but less than in the case of 2'°Pb,
When created from airborne >?Rn, the ?'%Po:2'°Pb activity
ratios in surface air are typically in the range 0.1-0.3 (Ja-
cobi 1979). The activity load of Th-series radionuclides,
represented by #**Th, is much lower than for the U series
radionuclides. This was expected because we found that
2*2Th activity concentrations in soil are of the same order
of magnitude in the pit as in the surroundings ( Table 2).
The lower slope constant for **Th is a result of the prox-
imity to the natural background activity load, and con-
sequently the fit to the curve is very uncertain.

Results from the sampling site located 1.2 km from
the pit in the north-northeast direction deviate signifi-

Table 1. The constants a and k (eqn 3) for each radionuclide investigated.?

Vinyl

orientation Radionuchde a a; k, k> r ‘ r
Vertical 282341 -3.1 ~2.7 1.0 0.9 -0.93 -0.93
Vertical 22Th -1.7 -1.5 0.007 0.007 -0.85 —-0.82
Vertical 20Th =3.1 -2.7 1.1 1.0 —-0.94 —-0.91
Vertical 22%Ra -29 -2.7 . 1.5 —Q91 —-0.93
Vertical 210pp, =23 -2.2 1.2 1.2 —-0.93 -0.93
Vertical 210pg -2.3 =27 0.4 0.7 -0.76 ~0.89
Vertical Average except -3.1 -2.7 1.0 1.0 —0.93 ~0.91

N 232Th. 210Pb

Horizontal 238234 -2.0 11 ~0.97
Horizontal 22Th —-14 0.07 —-0.93
Horizontal 20T —-2:1 7.9 -0.95
Horizontal 226Ra -2.2 7.7 -0.93
Horizontal 2i9pp, -1.8 13 -0.96
Horizontal 210pg -2.2 5.2 -0.93
Horizontal Average, except ~2.1 7.9 -0.95
. 232Th' ZIOPb

.‘ a and k are constants described in the text. and r is the correlation coefficient. Index 1 corvesponds 1o results iz Fig. Za. Index 2 corresponds to
ts in Fig. 2b. :
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Table 2. Specific activities (Bq kg™' = 1 SD) of radionuclides in dust from dry deposition and of surface soil vs. distance from pit

center.
Distance from Horizontal vinyl Surface soil
pit center
(km) ZSS.ZMU 232Th 2301‘h 238.234U 232'rh 230Th

0 —_ -— — 23,000 + 1800 1157 23,000 £ 700
045 18150 + 600 105+ 15 19900 * 1015 2150 £ 85 26+ 1 3285 + 140
1.125 —_— : —_ — 425+ 12 383 330 £22
2.775 1140 £ 50 _— —_ 1154 73+4 150 £ 8
3.75 1105 £ 90 — —_— 63+2 632 79+2
495 2090 £ 50 20+ 2 1890 + 40 18+1 151 20+ 1
7.95 240 + 8 132 305x£2 241 42 +1 27+ 1
50 40+2 12+2 38+3 191 31£1 1721

cantly from the line of best fit. This site is close to the ore
treatment plant, which may result in activity flux levels
from the plant being significant compared to the activity
flux levels from the pit at this sampling site. The plant
contribution to the total aerial activity flux from the min-
ing area has not been investigated in this project.

When comparing 1- and 3-y average exposure data, -

one can see that both the magnitude of the activity flux
from the source and the dispersion pattern do not change
substantially during the dry season or over several dry
seasons. Only the occasional short-term monsoonal rain-
storms will alter the source term.

One particular problem associated with the use of
the “sticky vinyl” collectors is the collection of not only
dust but also insects, mainly flies and mosquitos, and for-
est litter. This may ultimately result in an increased
amount of radionuclides on the vinyl collectors. One site,
situated 2.8 km in a northwest direction and close to a
road lamp, collected considerable quantities of insects and
showed generally raised 2'°Pb and 2'Po activity values.

Dry deposition on horizontal vinyls

Average dry deposition activity concentrations, for
the combined three dry seasons (1984-1986), of the U
series radionuclides and #*2Th as a function of distance
from the pit are shown in Fig. 4. The data are normalized
to 100% wind frequency in the direction from the source

- to each sampling site. A fit to the data, using the same

expression as for the vertical collectors, gives a somewhat
slower rate of decrease with distance (Table 1). This was
to be expected due to contributions to the dry deposition
from sources in directions other than that of the pit area,
i.e., natural background sources. Here again, ?'°Pb exhibits
a slower slope constant than the other U series radionu-
clides. This is partly due to the different plume dispersicn
profile (Fig. 2a, b), but the main reason is the different
activity size distribution, which is discussed later in the
text.

Formally, it is not correct to normalize the data to
wind frequencies in this case, especially if contributions
to dry deposition from sources other than the pit are sig-
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Fig. 4. Dry deposition rate (arithmetic means) on horizontally oriented “sticky vinyl™ collectors during three dry
seasons (% 1 SD for 2*Th is shown; for the other radionuclides, + 1 SD <5%).
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Fig. 5. Dry deposition velocity distributions (£ 1 SD) with “sticky vinyl” as collection substrate.

nificant, which might be the case for the sampling points
far from the pit. Such an approach, however, was neces-
sary to enable a comparison of the dry deposition data
from sampling sites in various directions.
During two exposure periods of 4 wk each, high-
ume air samplers were also used at seven of the vinyl
Qpler locations. The average activity concentration in
the air | m above the ground was thereby obtained and
the dry deposition velocities, V,, were determined (eqn
2). Figure 5 shows ¥, as a function of distance from the
pit center for >**234U and 2!°Pb. The solid lines represent
the best exponential fit to the data (the 50 km sampling
site data excepted ), given by the expressions:

4=10.014 + 0.086 exp[—0.75(x — r)], for 23824y
and

Ve=10.0027 + 0.07 exp[—2.0(x — r)]. for 2'%Pb
(6)

where x = distance from the pit center (km) and » = source
(pit) radius (km) = 0.35 km.

The continual decrease in ¥, from the mine area up
to a distance of about 5 km reflects a gradual change in
the particle activity size distribution of the dust dispersed
from the mining area. The larger particles will deposit in
preference to the smaller ones, thus gradually changing
she’activity size distribution. The difference in V., between

34U and 21°Pb indicates the following. First, the source
tivity size distributions of 2'°Pb and U are different,
which is likely due to the creation of 2'°Pb by decay of
- Rn and thereby a different physicochemical form of
b in the solid matrix. Second. away from the source,

the 2°Pb produced in the atmosphere will contribute sig-
ntly to the air concentration of 2'°Pb but to a lesser

nt to the dry deposition, due¢ to the relatively small

particles (deduced from the deposition velocities) (Styro
and Shalaveyus 1966), resulting in a much faster decrease
in ¥, than that for 238234,

The range of Vs obtained for the vinyl collectors is
in agreement with literature data for similar “sticky” sub-
stances (Convair 1960; Makhonko 1970) but higher than
that which is common for vegetation and bare soil (Seh-
mel 1980). It is likely that the sticky surface more easily
retains particulates than do vegetation and soil.

The specific activities on the horizontal vinyls to-
gether with surface soil activity concentrations are shown
in Table 2. It is interesting to note the close agreement
between surface soil activity concentration in the pit,
which corresponds to about 0.18% U, and the dry depo-
sition concentration close to the pit, despite the fact that
the pit sample represented only a small surface grab sam-
ple. In the surroundings more than a few kilometers away
from the pit, the dry deposition specific activities of U
series radionuclides clearly exceed the specific activities
for surface soil. The observed phenomenon clearly indi-
cates a significant activity contribution of U series radio-
nuclides from the pit to the top soil of the area within the
distance of several kilometers from the pit.

Resuspension of radionuclides _from the ground

To assess the degree of resuspension of dust activity
from the ground at a sampling site, a “vinyl resuspension
coefficient,” R,, has been defined as the ratio of radio-
nuclide concentration on a vinyl facing downwards to
that facing upwards. This gives a comparison between
ground resuspension and dry deposition in qualitative
terms. Ranges of R, values obtained are shown in Table
3. As it is likely that vinyl collectors exposed in these two
directions had similar dust particle attachment and re-
tention properties, one may conclude that ground resus-

IR G b
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Table 3. Viny! resuspension coefficient, R,.

Radionuclide R, (range)
28234, 30T 0.01-0.035
210pp 0.004-0.03
210pg 0.02-0.03
232Th 0.03-0.06

pension of radionuclides is of minor-importance com-
pared with the contribution from the mine site.

Load saturation on vinyl collectors

Load and retention capacities of the vinyl collectors
are shown in Fig. 6 as cumulative activity and dust load
vs. exposure time. The amount of air (m of air column)
passing each stripe during respective exposure intervals
was derived from meteorological data by including all
wind directions and their frequencies in the path from
the source to the viny! strips. The cumulative activity loads
of 238.2341J and 2'%Po are close to linear (r = 0.9988 and r
= 0.9986, respectively). The load of 2'°Po is lower, as
explained earlier. The non-zero intercept implies that the
vinyl acted differently at the beginning of the exposure.
This is clearly seen from the cumulative dust load curve.
No evident explanation of this effect was found. One may
suspect that in the tropical heat of the region, some volatile
components of the sticky substance evaporate during the
initial period of heat exposure. This hypothesis has not
been tested under field conditions but indications of such
behavior have been observed in laboratory tests. Because
of this, uncertainties arose when determining tare weights
per unit area for calculations of specific activity ( Table
2). To minimize this problem, we used the total weight
per unit area of the vinyl with least specific activity found
during all three seasons as tare weight.

May 1991, Volume 60, Number 5

B0Th:22Th activity ratios

One of the possible ways to determine the impact of

aerial dispersion of long-lived radionuclides from an open
pit U mine to the environment is to compare activity
ratios of selected radioisotopes from the U and the Th
series at the points of interest relative to the ratios typical
for the pit. In this context, the activity ratios of 2°Th to
232Th have been examined in the dust samples collected
by means of the vertical and horizontal vinyls, as well as
in soil samples. Results of the relevant calculations are
given in Fig. 7. The activity ratios for the vinyl samples
are calculated as arithmetic means of the individual ac-
tivity ratios during the 3-y sampling, and surface soil data
were taken from Table 2.

The 2®Th:23?Th activity ratios in the dust samples
from both vertical and horizontal vinyl collectors exhibit
much slower decrease in magnitude with distance than
the corresponding ratios found in the soil samples. Even
at points several kilometers from the pit, there is at least
one order of magnitude difference between the vinyl and
the soil activity ratios. This further confirms the predom-
inance of the pit area as a source of the airborne, long-
lived radionuclides in the region adjacent to the opera-
tions.

COMPUTER CODE RESULTS VS.
EXPERIMENTAL RESULTS

“The necessary input parameters for the LUCIFER
program were chosen as follows:

1) Average wind speed (z = 2.35 m s™') and fre-
quency in 16 sectors of 22.5° each; extracted from me-
teorological data.

2) Dry deposition velocities, according to results in
Fig. 5.
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Fig. 6. Cumulative activity and dust load (£ | SD) with “sticky vinyl” as collectien substrate.
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was calculated from the best fit according to Table 1. The
computer code activity load (air concentration) distri-
bution does not follow the simple power relationship in
eqn (5), which is mainly due to the decreasing dry de-
position velocity, V,, with distance from the source (Fig.
5). The measured V,, distribution is the sum of the source-
and the environment-related Vs, which might exaggerate
the drop in the source-related dry deposition velocity with
distance from the source. The computer code calculations
suffer from many uncertainties due to simplifications of
the atmospheric conditions, i.e., the use of standard Pas-
quill stability classes, averaging wind speed, assumption

May 1991, Volume 60, Number 5§

of zero release height, H, etc. The latter could markedly
deviate from zero due to air turbulence in the pit and
blasting. Despite these uncertainties, the computer-code-
normalized-activity load agrees fairly well with the ex-
perimental results.
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